Introduction {#S1}
============

Similar to many other solid tumors, hepatocellular carcinoma (HCC), the major form of primary liver cancer, is considered incurable despite recent progress in diagnosis and the development of new treatment modalities^[@R1]^. A major contributing factor to poor outcome is the presence of extensive inter-tumor heterogeneity as revealed in numerous genome-wide investigations^[@R2]--[@R9]^. Genomic heterogeneity results in varying degrees of clinical presentation and tumor biology, which impedes treatment options and poses a significant challenge to cancer management. For example, nearly half of patients who are identified early and undergo surgical resection for small HCC (\<5 cm) develop recurrent tumors^[@R10]^. Although targeted molecular therapies such as Sorafenib are promising new treatment modalities for a select group of patients with advanced HCC, their effectiveness has been suboptimal^[@R11]^. The overall improvement of cancer mortality is modest, and HCC remains one of the most difficult-to-cure malignancies, with a 5-year survival rate lingering at 16% in the United States^[@R12]^. Thus, the key to a fundamental improvement of patients' survival is to accurately identify homogeneous cancer subgroups and decipher the unique set of molecular events that drive their tumors.

Because human malignancies share a set of common cancer hallmarks, key genes responsible for each hallmark are, in principle, ideal druggable targets for targeted therapies^[@R13]^. However, recent genome-wide investigations indicate that each cancer type, including HCC, has a unique set of compromised genomic loci^[@R14],[@R15]^. Theoretically, each tumor has a variation of altered cancer hallmarks that cause molecular networks to converge into a unique node essential for survival. However, it is a challenge to identify such a distinct molecular node essential for the growth of a particular type of tumor.

Accumulating evidence indicates that HCC heterogeneity can emanate from cancer stem cells (CSC), or through the selection of cells from different origins that reflect hepatic lineage, under the influence of various etiological factors such as hepatitis B or C virus (HBV or HCV) infection, alcohol consumption, or obesity^[@R16],[@R17]^. We have previously revealed an aggressive subgroup of HCC that expresses high levels of EpCAM and AFP (EpCAM^+^ AFP^+^), which is associated with HCC metastasis and poor prognosis. This subgroup of HCC expresses stem cell-like gene expression traits and displays CSC characteristics such as self-renewal, lineage-specific differentiation, tumor initiation and high invasiveness, hence the name: hepatic stem cell-like HCC (HpSC HCC)^[@R8],[@R18]--[@R20]^. Here, we coupled transcriptomic profiling of well-defined HCC specimens that represent extreme end points in the spectrum of cell lineage and tumor aggressiveness with gene set enrichment and somatic copy number analyses to identify novel oncogenic drivers responsible for the EpCAM^+^ AFP^+^ HCC subgroup. Our study demonstrates that YY1AP1 transcriptionally regulates key stemness genes. The fact that its expression is essential for the maintenance of cancer cells makes YY1AP1 a potential therapeutic target for EpCAM^+^ AFP^+^ HCC.

Results {#S2}
=======

A unique transcriptomic profile in a well-defined subgroup of EpCAM^+^ AFP^+^ HCC {#S3}
---------------------------------------------------------------------------------

Using global transcriptomic analysis, we previously identified several HCC subgroups including a subgroup of aggressive HCC with stem cell-like traits and elevated levels of both EpCAM and AFP (EpCAM^+^ AFP^+^)^[@R8]^. However, heterogeneous expression of EpCAM and AFP is evident in clinical specimens as the number of HCC cells that express EpCAM and AFP proteins range from 5--70%^[@R8],[@R20]^. We hypothesized that well-defined HCC subgroups representing the extreme ends of the marker expression spectra (dually positive or dually negative) may show homogeneity in their molecular changes and allow us to identify key driver genes in each HCC subgroup by employing an integrative genomic approach. To test this strategy, we reanalyzed publically available transcriptomic datasets (NCBI GEO accession number: GSE14520, GSE1898 and GSE4024) that contain gene expression data derived from two cohorts totally comprised of 380 HCC patients. Among the 241 HCC cases from the LHC cohort, we identified 38 *x*-HpSC HCC cases (i.e., \>1000 ng/ml of serum AFP and in the top tertile of EpCAM expression) and 40 *x*-MH (mature hepatocyte-like subtype) HCC cases (i.e., \<20 ng/ml serum AFP and in the bottom tertile of EpCAM expression) ([Figure. 1](#F1){ref-type="fig"} and [Supplementary Table. S1](#SD1){ref-type="supplementary-material"}).

Supervised class comparison analysis revealed that 1,573 statistically significant genes (*p*\<0.001) could discriminate the *x*-HpSC and *x*-MH groups. Since *x*-HpSC tumors are associated with poor outcome, we reasoned that the above subgroup-related stem cell-like genes should be associated with patient survival. Survival risk prediction analysis showed that these genes were significantly associated with overall survival of the *x*-HpSC and *x*-MH cases (log-rank *p*=0.002; permutation *p*\<0.01) ([Figure. 1B](#F1){ref-type="fig"}). Using a log-rank test in the same patients (n=78), 932 survival-related genes were revealed to significantly link to overall survival, a majority of which overlap with the stem cell-like genes (hypergeometric *p*\< 2.2E-16) ([Figure. 1C](#F1){ref-type="fig"}). The association with survival of the identified signature was also validated in the remaining LHC cohort (n=163, log-rank *p*=0.016, permutation *p*=0.07) and an independent LEC cohort (n=139, log-rank *p*=0.0005, permutation *p*=0.02) ([Supplementary Figure. S1](#SD1){ref-type="supplementary-material"}). These results indicated that the *x*-HpSC and *x*-MH subgroups have a vast difference in gene expression, which is associated with HCC survival.

Integrative genomic analysis to define driver genes in EpCAM^+^ AFP^+^ HCC {#S4}
--------------------------------------------------------------------------

To examine the critical signaling pathways associated with CSC features, we performed GSEA by comparing the gene expression profiles of *x*-HpSC and *x*-MH subgroups. Among 11 significantly enriched gene sets targeted by different transcriptional factors, three sets were annotated as transcriptional targets of transcription factor YY1 (yin yang 1) (NOM *p*\<0.0001, FDR *q*=0.043) ([Figure. 2A](#F2){ref-type="fig"} and [Supplementary Table S2](#SD1){ref-type="supplementary-material"}). Furthermore, we found both YY1 and the coactivator YY1AP1 are elevated in *x*-HpSC revealed by microarray data ([Figure. 2B](#F2){ref-type="fig"} and [Supplementary Figure. S2A](#SD1){ref-type="supplementary-material"}), suggesting a selective activation of YY1 transcriptional network in *x*-HpSC. Using arrayCGH data, We further analyzed the somatic copy number alterations (SCNA) of YY1 signaling related genes, YY1AP1 (1q22), YY1 (14q32) and YY2 (23p22.12-p21.3) (arrayCGH data accession number: GSE14322)^[@R21]^. We found the copy number of YY1AP1, but not YY1 or YY2, displayed a preferential gain frequency in HpSC cases (70%) compared to it does in MH case (24%) ([Figure. 2C](#F2){ref-type="fig"}).

Amplification of chromosome 1q is common in human cancers and this region potentially contains oncogenes. By further investigating this region in the HpSC cases, we revealed 3 minimal commonly amplified regions, namely R1, R2 and R3, at chromosome 1q21.1-22 ([Supplementary Figure. S2B](#SD1){ref-type="supplementary-material"}), which harbor a total of 173 genes. We then searched for those genes that have correlated gene copy number and gene expression level using Spearman correlation analysis. Seven genes have significant correlation between copy number and their gene expression, but only one gene, YY1AP1, is significantly associated with patient survival determined by Cox regression analysis ([Figure. 2D](#F2){ref-type="fig"}). We validated that YY1AP1 gene copy number obtained by quantitative copy number PCR can successfully predict patient survival in 76 HCC cases (*p*=0.033, *pTrend*=0.014) ([Figure. 2E](#F2){ref-type="fig"}).

Oncogene addiction of YY1AP1 in HCC cells {#S5}
-----------------------------------------

The above results suggested YY1AP1 as a driver gene on which the growth of the EpCAM^+^ AFP^+^ HCC may depend on. However, by examining 20 different human normal tissues, we found that normal liver tissue had the lowest YY1AP1 expression, which suggested a functional silencing of YY1AP1 in normal liver ([Supplementary Figure. S3A](#SD1){ref-type="supplementary-material"}). Consistently, expression of YY1AP1 and GON4L, a paralog of YY1AP1^[@R22]^, were also very low in either fetal or adult livers, suggesting that YY1AP1 may also not be essential in embryonic liver development ([Supplementary Figure. S3B](#SD1){ref-type="supplementary-material"}) and YY1AP1 activation might be an acquired event during pathogenesis of liver cancer. For further functional study of YY1AP1 in hepatocarcinogenesis, we screened 5 cell lines with different EpCAM and AFP status, including Huh 1 and Huh 7 (5--15% EpCAM^+^ AFP^+^), Hep3B and HepG2 (100% EpCAM^+^ AFP^+^, HepG2, a hepatoblastoma/HCC-like cell line), and SK-Hep-1 (dually negative). Among these cell lines, HepG2 expressed the highest protein level of YY1AP1 ([Figure. 3A](#F3){ref-type="fig"}). Considering the dually positive EpCAM and AFP, which may most closely reflect the properties of EpCAM^+^ AFP^+^ HCC, HepG2 may be an ideal cell line model to investigate the oncogenic molecular basis for the hepatocarcinogenesis in YY1AP1-signaling altered HCC. Five shRNA constructs targeting YY1AP1 were tested in HepG2 cells. Consistent with the sequence specificity, shRNA C2 and C6 were able to knockdown YY1AP1 efficiently with no effect on GON4L, which shares 97% sequence identity with YY1AP1 and could potentially interfere with YY1AP1 ([Figure. 3B](#F3){ref-type="fig"} and [Supplementary Figure. S3C](#SD1){ref-type="supplementary-material"}). Colony formation assays were carried out with shRNA C2 targeting YY1AP1. Consistent with the hypothesis, the viability of Hep3B and HepG2 (100% EpCAM^+^ AFP^+^) other than Huh1 and Huh7 (5--15% positive EpCAM and AFP) or SK-Hep-1 (dually negative EpCAM and AFP) cells exhibited oncogene addiction on YY1AP1 presence ([Figure. 3C](#F3){ref-type="fig"} and [Supplementary Figure. S3D](#SD1){ref-type="supplementary-material"}). To rule out any off-target effect, we confirmed the effect with shRNA C6 that targets a different region of YY1AP1. As shown in [Supplementary Figure. S3E](#SD1){ref-type="supplementary-material"}, both shRNA C2 and C6 could inhibit cell growth dramatically. It is noted that Hep3B, which displayed a cell survival dependence on YY1AP1, has a relatively low level of YY1AP1 despite its EpCAM^+^ AFP^+^ status like HepG2. To clarify this survival dependence, we overexpressed YY1AP1 in Hep3B and assessed the cell proliferation. The result showed that overexpression of YY1AP1 significantly increased the proliferation rate of Hep3B ([Figure. 3D](#F3){ref-type="fig"}). These results showed that YY1AP1 expression plays a vital role for the survival of EpCAM^+^ AFP^+^ cells.

Since silencing of YY1AP1 has a lethal effect on EpCAM^+^ AFP^+^ cells immediately after shRNA was introduced, we developed a Doxycycline (Dox)-inducible shRNA-C2 cell line (referred as HepG2-Tet-C2) in which the expression of C2 and GFP (reporter for shRNA induction) were induced by addition of Dox ([Figure. 4A](#F4){ref-type="fig"}). We observed that both clonogenecity (2D) and spheroid formation (3D) of HepG2-Tet-C2 cells were significantly inhibited upon shRNA-C2 induction, which demonstrated that the viability of HepG2 cells is YY1AP1-dependent ([Figure.4B and 4C](#F4){ref-type="fig"} and [Supplementary Figure. S4A](#SD1){ref-type="supplementary-material"}). We also revealed that the cell death triggered by YY1AP1 was through apoptosis pathway since elevated cleaved caspase-3 is observed and pretreatment of cells with caspase inhibitor Z-VAD was able to block the cell death ([Figure.4D and 4E](#F4){ref-type="fig"} and [Supplementary Figure. S4B](#SD1){ref-type="supplementary-material"}).

Impact of YY1AP1 in tumorigenicity {#S6}
----------------------------------

We next examined the tumorigenic potential of YY1AP1 in nude mice model. According to literatures, 5×10^6^ HepG2 cells per site for tumor formation analysis in nude mice has average tumor latency in about 10 days, and as little as 5×10^5^ HepG2 cells were able to form tumors within 4 weeks^[@R23]--[@R25]^. In our study, we injected 2×10^6^ HepG2-Tet-C2 cells subcutaneously into flanks of athymic nude mice (9 animals, 18 injection sites per experimental group; 2 independent sets of experiments were set on 2 consecutive days). One group of mice (n=6) was fed with Dox diet immediately after the injection and maintained in the same diet for 3 weeks. The rest of the animals (n=12) were first kept on a control diet for 2 weeks. Two weeks later, after all animals developed measurable tumors, animals were split into two subgroups randomly and one subgroup (n=6) was switched to a Dox diet for YY1AP1 shRNA induction ([Figure. 5A](#F5){ref-type="fig"}). We found that YY1AP1 silencing induced by Dox diet resulted in a significant decrease in both tumor incidence and tumor volume ([Figure. 5B](#F5){ref-type="fig"} and [Supplementary Figure. S5A](#SD1){ref-type="supplementary-material"}). We also found that Dox treatment starting at day 14 after tumors reached a detectable size could significantly slow down the tumor growth compared to the control group ([Supplementary Figure. S5B](#SD1){ref-type="supplementary-material"}). Further histological analysis and TUNEL staining of the resected tumor samples revealed that tumor areas from Dox-fed mice were highly apoptotic as compared to tumors from the Dox-free group ([Figure. 5C](#F5){ref-type="fig"} and [Supplementary Figure S5C](#SD1){ref-type="supplementary-material"}). Thus, tumor initiation and maintenance of HepG2 cells in nude mice depend on the presence of YY1AP1.

Role of YY1AP1 in regulating the global chromatin landscape {#S7}
-----------------------------------------------------------

As evidenced in the spheroid formation assay, YY1AP1 silencing led to reduced EpCAM expression and spheroid formation ([Figure. 6A](#F6){ref-type="fig"}). According to the literature, YY1AP1 functionally acts as an coactivator of YY1^[@R26]^. YY1, a ubiquitously expressed transcription factor, functions either as a transcriptional activator or repressor depending on its interactors and specific sites on regions of chromatin that contain modified histones^[@R27]^. We hypothesized that YY1AP1 may be involved in epigenetic regulation of HCC transcriptional networks. One clue is from the observation that multiple genes with unrelated promoters such as EpCAM, Nanog and OSKM genes (i.e., Oct-4, Sox-2, Klf4, c-Myc) showed decreased expression upon YY1AP1 knockdown ([Figure. 6B](#F6){ref-type="fig"} and [Supplementary Figure. S6A](#SD1){ref-type="supplementary-material"}). Consistent with HepG2 cells, a similar result was obtained by examining Hep3B cells. Knockdown of YY1AP1 resulted in decreased c-Myc, Nanog, AFP and EpCAM expressions, but no change in two differentiation genes UGT2B7 and CYP3A4 ([Supplementary Figure. S6B](#SD1){ref-type="supplementary-material"}). To determine if YY1AP1 is involved in histone modification, a correlation analysis was first carried out between multiple histone modifiers and YY1AP1 using EpCAM as a control. We found that several HDMs, HMTs and HDACs showed a significant positive linear relationship with YY1AP1 ([Supplementary Table S3](#SD1){ref-type="supplementary-material"}). We then determined post-translational modifications of all 4 core histones (H2A, H2B, H3 and H4) of HepG2-Tet-C2 cells with or without Dox treatment. We found specific downregulations of H2B ubiquitination, H3K4 trimethylation, H3K79 dimethylation and H3K36 dimethylation upon YY1AP1 depletion ([Figure. 6C](#F6){ref-type="fig"}). Since H2B ubiquitination, H3K4 trimethylation and H3K79 dimethylation occur as tandem events during transcriptional initiation^[@R28]--[@R31]^ and H3K36 dimethylation is linked to transcriptional elongation^[@R32]^, it appears that YY1AP1 is linked to both transcriptional initiation and elongation. In contrast, we did not observe any change in histone acetylation ([Supplementary Figure. S6C](#SD1){ref-type="supplementary-material"}). To determine if histone demethylases (HDMs) are functionally linked to YY1AP1, we treated cells with HDM inhibitors that target various members of the HDM family^[@R33]^. We found that all 3 demethylase inhibitors, 2,4-PDCA, Daminozide and tranylcypromine, were able to partially rescue cell death upon YY1AP1 knockdown ([Supplementary Figure. S6D](#SD1){ref-type="supplementary-material"}). These results indicate that YY1AP1 is involved in epigenetic regulation of gene expression and HDMs contribute to YY1AP1 transcriptional networks in maintaining the viability of EpCAM^+^ AFP^+^ cells.

By searching the promoter region of EpCAM, we found 4 putative YY1 binding sites. Thus, we tested whether YY1 functionally interacts with YY1AP1 to regulate its expression. An *in vivo* chromatin immunoprecipitation (ChIP) assay and luciferase assay were carried out. We found that endogenous YY1 binds to an EpCAM promoter and its binding is diminished upon YY1AP1 knockdown ([Figure. 6D](#F6){ref-type="fig"} and [Supplementary Table. S4](#SD1){ref-type="supplementary-material"}). Consistent data were obtained when an H3K4Me3 ChIP analysis was performed ([Supplementary Figure S7](#SD1){ref-type="supplementary-material"}). These results indicate that the binding of YY1 to an EpCAM promoter is facilitated by YY1AP1. To determine if YY1 and YY1AP1 regulates EpCAM expression, a luciferase reporter under the control of an EpCAM promoter was used. Consistently, YY1AP1 silencing resulted in suppression of increased EpCAM promoter activity induced by ectopic expression of YY1 ([Figure. 6E](#F6){ref-type="fig"}). *In vivo* interaction between YY1 and YY1AP1 protein can be observed using a Duolink assay ([Figure. 6F](#F6){ref-type="fig"}). To investigate if the YY1AP1-YY1 link in regulating EpCAM expression could also be observed in other HCC cells, we carried out the EpCAM promoter luciferase assays in Huh-7 cells. We found that EpCAM expression in Huh-7 was also regulated by YY1 and YY1AP1 expression ([Supplementary Figure. S8](#SD1){ref-type="supplementary-material"}). Taken together, our results indicate that YY1AP1 cooperates with YY1 to modulate gene transcription.

Discussion {#S8}
==========

Considering the vast inter-tumor heterogeneity in solid tumors, one of the major goals in cancer research is to identify specific druggable cancer driver genes whose function are essential for the fitness of cancer cells within a defined tumor subgroup. It is known that genome-wide investigations may be effective in defining tumor subgroups since all cancers arise as a result of somatically acquired changes in the DNA of cancer cells^[@R34]^. However, as a result of tumor evolution, each solid tumor carries hundreds and thousands of somatic genome alterations accumulated over time as documented in the COSMIC database and elsewhere, and a majority of mutations may be noncontributing passenger mutations whose functions are not essential to tumor cells at the time a tumor specimen is procured and analyzed^[@R35],[@R36]^. The presence of considerable somatic changes found in solid tumors may explain the increased genomic intra-tumor heterogeneity^[@R37]^. Recently, integrative genomics, through the combination of exonic mutations and SCNA data, have shown promise in revealing candidate drivers linked to colorectal and lung cancer^[@R38],[@R39]^. We also explored various integrative "omics" approaches to define liver tumor subgroups and to identify key functional genes unique to each subgroup^[@R21],[@R40],[@R41]^. These integrative approaches are designed to identify the "Achilles heel" of cancer as the basis to develop targeted cancer therapeutics.

In this study, we applied an integrated genomics strategy to a well-defined EpCAM^+^ AFP^+^ HCC subgroup with top-tier expression patterns of EpCAM and AFP that may represent a homogeneous group of patients with similar tumor biology. EpCAM^+^ AFP^+^ HCC is considered one of the most aggressive HCC subgroups which associated with aggressive tumor growth, metastasis, treatment resistance and poor prognosis^[@R17]^. Selecting well-defined tumor specimens may reduce biological heterogeneity and thus provide a better chance to identify key altered signaling pathways as druggable targets. Encouragingly, this strategy allowed us to successfully identify YY1AP1 whose functions are essential for the fitness of EpCAM^+^ AFP^+^ HCC cells. EpCAM^+^ AFP^+^ cells have developed a dependence on YY1AP1, a cancer phenomenon known as oncogene addiction^[@R42]^. Silencing of YY1AP1 in EpCAM^+^ AFP^+^ HCC cells resulted in a profound cell death phenotype. Interestingly, YY1AP1 is expressed at a very low level in normal liver cells, suggesting that YY1AP1 activation is an acquired event during HCC development. Moreover, silencing of YY1AP1 resulted in an alteration of the chromatin landscape along with a reduced expression of many CSC-related genes such as EpCAM, AFP, c-Myc, Sox2 and TCF4, whose activities are essential for the maintenance of HCC cells. Taken together, YY1AP1 represents a promising therapeutic target for EpCAM^+^ AFP^+^ HCC.

Our results are consistent with the literature describing that YY1AP1 may work together with YY1 to alter the chromatin landscape and regulate gene expression. It is an interesting observation that YY1AP1 suppression leads to ubH2B, H3K36Me2 and H3K4Me3 changes, suggesting a transcriptional activation mediated by YY1AP1. This could be a direct effect of YY1AP1 or an indirect effect from downregulation of other genes. More extensive biochemical experiments are needed to address whether and how YY1AP1 is involved in such epigenetic changes. In addition, we also found that YY1AP1 expression is positively correlated with HDM expression in HCC clinical specimens, and that YY1AP1 silencing mediated cell death, which could be partially blocked by HDM inhibitors, Our results are consistent with the hypothesis that survival of EpCAM^+^ AFP^+^ HCC cells may have adapted to YY1AP1 activation, in which an elevation of YY1AP1 expression may promote the recruitment of YY1 and other histone modifying proteins such as HMT to the gene promoters containing YY1 binding sites. Such recruitment would result in alteration of the chromatin landscape by increasing histone H3K4 methylation thereby activating stem cell-related genes that are essential for maintaining HCC growth. Elimination of YY1AP1 may result in the removal of the PcG complex-mediated HMT activity, leading to hypo-methylation of H3K4 due to increased HDM activities in cancer cells. Such YY1AP1 dependence in cancer cells could trigger apoptosis upon withdrawal (see working model in [Figure 7](#F7){ref-type="fig"}). The results above indicate that YY1AP1 functions as a driver gene in HCC. Though such an effect may be coupled with YY1, as many previous paradigmatic studies suggested, it is not limited to YY1 regulatory machinery. Furthermore, it is possible that YY1AP1 is also involved in regulating other chromatin regulatory complexes and acts as key player in driving HCC development.

In this study, we have revealed that EpCAM is transcriptionally regulated by YY1AP1, which is dependent on YY1 to bind to EpCAM promoter and activate its transcription. Previous studies have demonstrated that EpCAM is downstream gene of Wnt-β-catenin signaling and p53 (summarized in [Figure. 3A](#F3){ref-type="fig"})^[@R19],[@R43]^. Based on our current data that not all HCC cells are sensitive to YY1AP1 silencing, we speculate that both YY1AP1 and β-catenin play roles in EpCAM expression when p53 signaling is silenced (wild type), which leads to YY1AP1 oncogene addition. However, when p53 signaling is activated (mutated), the YY1AP1 dependency may be compromised. Additional experiments may be needed to clarify how YY1AP1 works together with β-catenin and/or p53 in regulating EpCAM expression.

One limitation of this study is that most of the subsequent cell culture/mouse xenograft studies were carried out in a single hepatoblastoma/HCC-like cell line, HepG2 cells, which is likely to be closely related to the properties of EpCAM^+^ AFP^+^ primary liver cancer. We showed Hep3B, an EpCAM^+^ AFP^+^ HCC cell line, also displays YY1AP1 dependence in cell viability, which indicates that the profound lethal effect upon YY1AP1 silencing is not restricted to a particular cell line. The conclusion addressed from our mechanistic studies including EpCAM regulation and chromatin remodeling is applicable to the cell line tested before further investigation. Overall, our results indicate that YY1AP1 as an oncogenic driving force may serve as the 'Achilles heel' and a druggable molecular target in a subset of HCC with YY1AP1 activation.

Material and Methods {#S9}
====================

Clinical Specimens, Expression Microarray, ArrayCGH Platforms {#S10}
-------------------------------------------------------------

We identified HCC samples as well as disease-free normal liver samples with available genomic and clinical data from our previously published studies^[@R5],[@R21],[@R44]^. A total of 380 HCC cases had available genomic data; 256 cases with Affymetrix U133A2.0 array data, 139 cases with LEC oligoarray data, and 76 with Agilent Human-Genome-CGH-105A array data (these 76 patients also have Affymetrix U133 A2.0 array data). All data is publically available in the NCBI GEO Repositories (accession numbers: GSE14520, GSE14322). The array platforms are described in detail in previous publications^[@R5],[@R21],[@R44]^. Additional publically available microarray data for HCC was also analyzed from NCBI GEO Repositories (accession numbers: GSE1898 and GSE4024).

Short Hairpin RNA Sequences {#S11}
---------------------------

shYY1AP1 C2, CAGATAGCGAAGGAACTATTT; C3, CCCTTAATTGTTTCTGGCAAT; C4, GCTCCTGACAACATCATTAAA; C5, GCATCTGTTATCTTCACTGTT; C6, GTTGTCAAGATGGAACCTGAA.

Clonogenicity, 3D Spheroid Formation Assays, Cell Proliferation Assay {#S12}
---------------------------------------------------------------------

Huh 1, Huh 7, HepG2, Hep3B or SK-Hep-1 cells were transiently infected with lentiviruses and selected with 2ug/ml puromycin for 3 days. 500 Huh 1, Huh 7 and Hep3B cells, 4 500 HepG2 cells, or 500 SK-Hep-1 cells were seeded into 6-well plates in triplicate and cultured with puromycin for 10 days. Colonies were then fixed and stained for quantification. For 3D cultures, cells were spread onto 48-well plate coated with MatrigelTM Basement Membrane Matrix (BD Bioscience, Bedford, MA). 80µl of Matrigel was distributed to each well and incubated at 37°C for 30 min, 1 000 HepG2 Tet-C2 cells were seeded onto the gelled Matrigel. The cells were covered with complete media containing 2% Matrigel and incubated at 37°C in 5% CO2. 500ng/ml of doxycycline was added at day 1. The spheroid number and size were evaluated at day 5 with the IX51 Inverted Microscope (Olympus, Tokyo, Japan). Spheroid numbers were counted at 20 randomly selected fields for each group. Sixty spheroids from each group were randomly selected for diameter measurement. The xCELLigence RTCA DP device (ACEA Biosciences, CA) was used for real-time cell proliferation assay. A total of 5,000 Hep3B cells transfected with control or YY1AP1 overexpression vector were seeded in E-plate 16 (ACEA Biosciences) per well. Cell index that reflects the integrated measure of cell number was monitored for 40 hours with programmed signal detection every 30 minutes. Data acquisition and analysis were performed with RTCA software 2.0 (ACEA Biosciences).

Duolink Fluorescence Assay {#S13}
--------------------------

The Duolink II fluorescence assay was used to analyze the interaction between YY1AP1 and YY1 in the HepG2-Tet-C2 cells. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100 for 10 minutes, then blocked and incubated with mouse anti-YY1AP1 Ab (1:100 dilution; Sigma) and rabbit anti-YY1 Ab (1:100 dilution; Abcam) overnight at 4°C. The Duolink II Proximity Ligation Assay (PLA) was then performed according to manufacturer\'s manual (Olink Bioscience, Uppsala, Sweden). A reporter substrate is formed if the PLA® probes are in very close proximity to one another indicating an interaction between the proteins examined. The reporter substrate appears as a red dot under a standard microscope. After mounting, the cells were visualized using a multiphoton confocal laser-scanning microscope (Carl Zeiss). Ten images per condition were acquired at 100× magnification with an average of ten cells per image. The number of red dots per cell was quantified from the average number of red dots per cell in ten images.

ChIP Assays {#S14}
-----------

ChIP assays were performed as per the manufacturer's protocol using a SimpleChIP® Plus Enzymatic IP kit (Cell Signaling Techonology). ChIP grade antibodies specific to YY1 (Abcam, ab12132; 1µg/reaction) or H3K4Me3 (Cell Signaling Technology, \#9751) were used for immunoprecipitations with rabbit IgG as control. Purified chromatin was examined by qRT-PCR. Four primer sets were used to detect different regions of the EpCAM promoter. Primer sequences are shown in [Supplementary Table S4](#SD1){ref-type="supplementary-material"}. Cycle threshold (Ct) values were normalized to the 2% input sample (Percent Input = 2% × 2^(C\[T\]\ 2%Input\ Sample\ −\ C\[T\]\ IP\ Sample)^).

Luciferase Assays {#S15}
-----------------

pGL3-EpCAM containing firefly luciferase (described previously in^[@R19]^) was cotransfected or infected with a pRL-null vector containing renilla luciferase, YY1 or a control plasmid (RC207198 and PS100001, respectively, from Origene), and shYY1AP1-C2 or control sheGFP lentivirus. Twenty-four hours after transfection/infection, luciferase activities were measured using Dual-Luciferase Reporter Assay (Promega). Firefly luciferase activity was normalized to renilla.

Mice study {#S16}
----------

Six-week-old female athymic nude mice (Crl: NU-Foxn1nu) were purchased from Charles River Laboratories (Wilmington, MA). The research involving animals complied with protocols approved by the National Cancer Institute Bethesda Animal Care and Use Committee (protocol number: LHC-003). HepG2-Tet-C2 cells were suspended in 200µl 1:1 mixture of media and Matrigel (BD Biosciences) and subcutaneously injected into flanks of mouse. Subcutaneous nodules with a diameter of at least 0.5cm that persist for at least 3 days were considered the presence of a tumor. Tumor size was measured by caliper and recorded by *in vivo* fluorescence imaging. Alfa-alfa free control global 16% protein diet and 200ppm doxycycline diet were purchased from Harlan Laboratories, Inc., Madison, WI.

Reagents {#S17}
--------

Antibodies to YY1AP1 (HPA006986) from Sigma; antibody to EpCAM (MAB960) from R&D Systems; anti-DDK monoclonal antibody (TA50011-100) from Origen; antibody to p53 from Santa Cruz Biotechnology (sc-126); antibodies to TCF4 (\#2953), E-Cadherin (\#5296), AFP (\#2137), cleaved caspase 3 (Asp175, \#9961), c-Myc (\#5605), Sox2 (\#3579), β-catenin (\#8480), Histone H2B (\#12364), ub-Histone H2B (\#5546), Methyl-Histone H3 (\#9847) and Acetyl-Histone H3 (\#9933) antibody sample kits, Tri-Mehyl-Histone H3 (Lys4) (\#9751) and Tri-Methyl-Histone H3 (Lys27) (\#9733) were from Cell Signaling Technology. Tet-system approved FBS and Doxycycline were from Clontech Laboratories. Caspase inhibitor Z-VAD was from Calbiochem. Daminozide was purchased from Sigma. Tranylcypromine and 2,4-PDCA were purchased from ENZO Life Sciences.

Statistical Analysis {#S18}
--------------------

GSEA was performed at <http://www.broadinstitute.org/gsea/>. Unsupervised hierarchical clustering analysis and class comparison analyses were performed using BRB Array Tool software 3.3. We used multivariate survival risk prediction algorithm with 10-fold cross validation and 100 random permutations of the class label to test the association of stem cell-related genes with survival. In this analysis, 90% of the samples were randomly chosen to build a classifier containing all 1 573 *x*-HpSC-related genes, which was then used to predict the remaining 10% of the cases. The accuracy of the prediction, reflected by permutation *p*-values, was calculated after 100 repetitions of this random partitioning process. To identify oncogenic driver genes, which have correlated gene expression and gene copy numbers that are attributed to patient survival, we calculated the Spearman correlation coefficients (*r*) of the gene expression value and the gene copy number of 173 amplified genes in the chromosomal 1q22 region. Kaplan-Meier survival analysis was used to compare patient survival using GraphPad Prism. The statistical *p*-value was generated by permutation analysis and the Cox-Mantel log-rank test. Student\'s t-test (two-tailed) was used for statistical analysis of comparative data between two groups.
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![Identification of a survival related, stem cell-like gene signature in HCC. (*A*) Overview of the approach used to develop and validate a gene signature that differentiates *x*-HpSC and *x*-MH subgroups. (*B*) Stem cell-like genes are significantly associated with overall survival in *x*-HpSC and *x*-MH cases (n=78). (*C*) Venn diagram showing the overlap between the survival- and stem cell-related (*x*-HpSC vs. *x*-MH) genes.](nihms647341f1){#F1}

![Activated YY1-YY1AP1 signaling in EpCAM^+^ AFP^+^ HCC. (*A*) GSEA analysis of genes that are enriched in the *x*-HpSC subgroup. (*B*) Mean gene expression levels of YY1AP1 in paired tumor and non-tumor tissue samples from *x*-HpSC or *x*-MH subgroups (*x*-HpSC, n=20; *x*-MH, n=25). (*C*) Loss/gain frequency of YY1AP1, YY1 and YY2 in *x*-HpSC and *x*-MH subgroups detected by arrayCGH. A threshold of 0.5 was used. (*D*) Seven genes that have significantly correlated gene expression and copy number changes within 3 amplicons. Cox regression analysis was used for survival risk prediction analysis (HR=1.912, *p*\<0.05). (*E*) Kaplan-Meier overall survival based on the quantitative YY1AP1 gene copy numbers determined by qPCR in all 76 HCC patients used in the arraryCGH study.](nihms647341f2){#F2}

![YY1AP1 characterization and silencing *in vitro*. (*A*) YY1AP protein levels in 5 cell lines and cell line backgrounds. (*B*) Efficiency of YY1AP1mRNA silencing using lentiviral constructs containing YY1AP1 shRNAs that target various regions of the transcript. Samples were collected for analysis 2 days after YY1AP1 knockdown. (*C*) Colony formation assays for shRNA C2 in Hep3B and HepG2. *(D)* Real-time cell proliferation of Hep3B cells with or without YY1AP1 expression.](nihms647341f3){#F3}

![YY1AP1 silencing leads to apoptosis. (*A*) Schematic of Tet-On 3G doxycycline-inducible constructs. (*B*) Quantification of colony formation assay from 2D cell culture. (*C*) Quantification of spheroid formation assay and the diameter of spheroids from 3D cell culture. (*D*) Immunoblot of YY1AP1 and active caspase 3 in the HepG2-Tet-C2 cells after 48 and 96 hours exposure to doxycycline. (*E*) Cell cycle analysis of HepG2-Tet-C2 cells with or without Z-VAD treatment.](nihms647341f4){#F4}

![Depletion of YY1AP1 suppresses tumor formation *in vivo*. (*A*) Experimental protocol of Dox-induced YY1AP1 silencing system. (*B*) Tumor incidence and size of control or Dox dieted mice. Data are presented as mean ± SEM (n=6/group). (*C*) Representative H&E and TUNEL staining images of tumors from mice with control diet (top panel), 3 weeks Dox diet (middle panel), and 1 week Dox diet after 2 weeks control diet (bottom panel). Black bar indicates 50 µm.](nihms647341f5){#F5}

![YY1AP1 modifies histones and changes the chromatin landscape. (*A*) YY1AP1 silencing resulted in a reduction of EpCAM protein in spheroids. (*B*) qRT-PCR analysis after 2 days Dox treatment of HepG2-Tet-C2 cells. Data are normalized to actin and shown as relative to control cells (-Dox) and represented as mean ± SD, n=3. (*C*) Screening of ubH2B and various histone methylation marks after YY1AP1 depletion in HepG2-Tet-C2 cells. (*D*) Endogenous YY1 chromatin immunoprecipitation (ChIP) assays for EpCAM promoter region. (*E*) Luciferase reporter assay for EpCAM promoter activity in the presence of YY1 and YY1AP1. (*F*) Duolink assay showing *in vivo* interactions between YY1AP1 and YY1 in HepG2-Tet-C2 cells.](nihms647341f6){#F6}

![Schematic describing a potential mechanism of cancer cells to acquire oncogene addition to YY1AP1 and a proposed therapeutic approach to reverse the disease state.](nihms647341f7){#F7}
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